BACKGROUND: Hemodynamic factors play important roles in aneurysm recurrence after endovascular treatment. OBJECTIVE: Predicting the risk of recurrence by hemodynamic analysis using an untreated aneurysm model is important because such prediction is required before treatment. METHODS: We retrospectively analyzed hemodynamic factors associated with aneurysm recurrence from pretreatment models of five recurrent and five stable posterior communicating artery (Pcom) aneurysms with no significant differences in aneurysm volume, coil packing density, or sizes of the dome, neck, or Pcom. Hemodynamic factors of velocity ratio, flow rate, pressure ratio, and wall shear stress were investigated. RESULTS: Among the hemodynamic factors investigated, velocity ratio and flow rate of the Pcom showed significant differences between the recurrence group and stable group (0.630 ± 0.062 and 0.926 ± 0.051, P = 0.016; 56.4 ± 8.9 and 121.6 ± 6.7, P = 0.008, respectively). CONCLUSIONS: Our results suggest that hemodynamic factors may be associated with aneurysm recurrence among Pcom aneurysms. Velocity and flow rate in the Pcom may be a pretreatment prognostic factor for aneurysm recurrence after endovascular treatment.
Introduction
The reported risk factors for recurrence of intracranial aneurysm following coil embolization include large size, wide neck, and low coil packing ratio [1] [2] [3] [4] [5] [6] . From comparisons of the aneurysm site, recurrences have been reported to be relatively common with posterior communicating artery (Pcom) aneurysms. The size of the Pcom has been investigated as a factor associated with recurrence but has not been found to be significant [7, 8] .
Limits exist in the prediction of recurrence based on such anatomical factors, and hemodynamic factors therefore need to be investigated. Few such studies have been undertaken. Li et al. compared hemodynamics before and after treatment and reported that wall shear stress (WSS) of the neck was associated with recurrence following endovascular treatment, but pretreatment models revealed no significant factors [9] . Even though recurrence following treatment may be predictable, this does not enable precautionary measures to be taken; the ability to predict recurrence prior to treatment is thus crucial in clinical practice. We therefore used a pretreatment Pcom aneurysm model to investigate whether recurrence of Pcom aneurysm following coil embolization can be predicted from measurements of computational fluid dynamic (CFD) parameters.
Materials and methods

Patient population
This study was approved by the Jikei University School of Medicine Ethical Committee. We selected patients from among cases of coil embolization carried out at this facility from 2003 to 2011 in which angiographic examinations for recurrence 1 year after treatment showed an unruptured Pcom aneurysm. Cases with a maximum aneurysm diameter of 5-10 mm and volume embolization ratio (VER) 20% were selected. The local ethics committee approved the study, and informed consent was obtained from all participants prior to enrollment.
We defined aneurysm recurrence as the presence of opacification of the aneurysm sac on angiography [7, 10] . Patients were divided according to this criterion into a recurrence group and a stable group (n = 5, each) for analysis ( Table 1) . Patients with a Pcom < 1 mm in diameter or showing bifurcation at the aneurysm dome were excluded.
CFD model
CFD modeling used images from pretreatment digital subtraction angiography that were converted into a triangulated surface using "Real Intage" (Cybernet Systems, Tokyo, Japan). An unstructured computational volumetric mesh was constructed from this triangulated surface. The mesh mainly comprised tetrahedrons with several layers of prism elements used near the wall surface to increase the analytic precision of the boundary layer. Pulsatile flow conditions were introduced as inflow conditions in the internal carotid artery (ICA), with the average flow set at 0.254 L/min and the pulse set at 70 beats per minute [11] . Under assumptions of pulsatile laminar flow, zero pressure at the blood vessel outlet, Newtonian fluid, and rigid blood vessel walls with nonslip conditions, Navier-Stokes equations were used to simulate blood flow on the computational mesh. Commercial software (ANSYS 12.1 ICEM CFD and CFX; ANSYS, Canonsburg, PA, USA) was used for both mesh generation and fluid simulation. Additional CFD modeling details were as described previously [11, 12] . We collected information on the aneurysm characteristics from the vascular model, including dome size, neck size, and aneurysm volume, and adopted their maximum values. Coil volume was defined as π (p/2) 2 multiplied by the coil length, where p is the coil diameter. The VER was obtained by dividing the volume of all inserted coils by the aneurysm volume. We defined the aneurysm neck as the plane located just on the dome side of the Pcom origin because the surface of the coil mass was located near this plane. The proximal ICA and Pcom planes where static pressure and velocity were calculated were defined at 1 mm from the aneurysm ( Fig. 1 ). Static pressure refers to the pressure exerted by blood, regardless of whether the fluid is in motion. Static pressure is frequently simply termed "pressure", and is distinguished from dynamic pressure, which represents fluid motion and is calculated from fluid density and velocity.
Data analysis
We calculated time-averaged static pressures and velocities for the proximal ICA, neck, and Pcom. Static pressures of the neck and Pcom were investigated as a pressure ratio:
where P (Pascal) is time-averaged static pressure. Pressure ratio is the time-averaged neck and Pcom pressure subtracted by the proximal ICA static pressure to give dimensionless values. Velocities of the neck and Pcom were investigated as dimensionless quantities by dividing by the proximal ICA velocity:
where V (m/s) is time-averaged velocity. Flow rate was calculated by multiplying the area of the neck and Pcom by the time-averaged velocity. WSS varies in time (at different points in the heart cycle) and space (over the blood vessel wall). A spatial average of WSS was therefore computed over the aneurysmal wall in the measurement section followed by time averages along the simulation time course (two heart cycles). WSS is given by:
where y is the distance from the vessel surface, u is the velocity of the fluid along the boundary, and µ is viscosity. Distance y is constant, at 0.01 mm [13] . All statistical analyses were performed using IBM SPSS Statistics version 19.0 (SPSS, Chicago, IL). The nonparametric Mann-Whitney U test was used to identify significant associations between hemodynamic parameters and recurrence. Statistical tests were conducted at the P < 0.05 significance level.
Results
No significant differences were found between the recurrence group and stable group in terms of dome size, neck size, Pcom size, aneurysm volume, or VER (Table 1) . Pressure ratios at both the neck and Pcom tended to be slightly higher in the recurrence group than in the stable group, but these differences were not significant. Velocity ratios were significantly lower at the Pcom in the recurrence group (0.630 ± 0.062) than in the stable group (0.926 ± 0.051; P = 0.016), but no significant difference was apparent at the neck. No significant difference in WSS was found between groups ( Table 2) .
Angiographic findings from representative cases are shown in Fig. 2 , with the upper image showing a recurrent aneurysm and the lower showing a stable aneurysm. Depiction of the Pcom is slightly poor in the upper image, whereas the Pcom is depicted with abundant flow in the lower image. Although sufficient coil embolizations were performed with a VER > 20% in both cases, obvious recurrence due to coil compaction is only apparent in the upper image. Velocity ratio and flow rate of the Pcom were 0.423 and 28.2 mL min −1 in the upper case, and 0.793 and 111.8 mL min −1 in the lower case, respectively. The streamlines of both cases show that the Pcom velocity was lower in the recurrent case than in the stable case ( Fig. 3 ).
Discussion
The streamline in Fig. 1a shows that the flow of the Pcom was derived from the aneurysm and that the flow around the aneurysm and Pcom is extremely complex and differs among individual patients. Fig. 2 show that the velocities of Pcom and ICA were almost 25 to 50 cm/s and 75 to 100 cm/s, respectively. These results correspond to the velocity ratio of 0.397. (b): Streamlines of the representative stable case in Fig. 2 show that the velocities of Pcom and ICA were 75 to 100 cm/s and almost 100 cm/s, respectively, which were consonant with the velocity ratio of 0.793.
We focused on the hemodynamics of the aneurysm and Pcom as predictive factors for aneurysmal recurrence after endovascular treatment. The fundamental hemodynamic factors are pressure (static pressure), velocity, and WSS. These factors were investigated as dimensionless quantities by dividing them by the values in the proximal ICA. For these reasons, we defined cut planes in the proximal ICA, neck, and Pcom.
The present study analyzed a group in which no significant differences were apparent between the recurrence group and stable group in aneurysm size, wide neck, or low coil packing ratio, all of which have previously been considered as factors potentially associated with recurrence after endovascular treatment [1] [2] [3] [4] [5] [14] [15] [16] . As a VER 20% has been reported to be a significant factor for recurrence, the present study selected cases with VER 20% for analysis [1, 3, 4, 16] . Technical difficulties in endovascular treatment, such as microcatheter instability and instability of the fit of the inserted coils, cause insufficient coil packing of aneurysms. We consider VER to be an index of technical difficulty and the occlusion state of aneurysms, and eliminated cases with a VER < 20%. In addition, aneurysms of 5-10 mm in diameter were selected to eliminate the aneurysm size factor. The effects of recurrence factors other than hemodynamic factors were thus extremely small.
In the present study, relative blood flow velocity and flow rate in the Pcom to inflow vessels (proximal ICA) were significantly lower in the recurrence group than in the stable group. Clinically, some cases showed rapid Pcom washout during angiography and others showed slow washout. The velocity decreases when blood flow at high velocity collides with a vascular wall, and the energy is converted into static pressure. Velocity and static pressure are thus believed to have complementary actions in fluids [17] . A tendency toward high static pressure is believed to arise in areas where the velocity is low, and in the present study, the Pcom velocity was significantly lower in the recurrence group than in the stable group. Similarly, although the difference was not significant, pressure tended to be slightly higher in the recurrence group. Whether this slightly higher pressure increases after endovascular treatment and influences recurrence remains unclear. The significantly low velocities and flow rates in the Pcom in the recurrence group mean that the washout of the Pcom is slow. The detailed mechanisms of aneurysm recurrence in terms of the effects of Pcom stagnation remain unclear. A rheological investigation of this issue using a post-coil placement model is needed.
With regard to the relationship between recurrence after coil embolization and WSS, Li et al. found no significant difference in WSS between the recurrence group and stable group in the pretreatment model [9] . The present study identified no significant difference in WSS on the aneurysmal wall between the recurrence group and the stable group, consistent with the findings of Li et al.
This investigation performed analyses based on a pre-treatment model, and is therefore useful in screening for aneurysms which have the risk of recurrence. The ability to predict a high risk of recurrence prior to treatment would make it possible to consider combining coil embolization with stents, which could be expected to bring about hemodynamic alterations [18] , or changing the therapeutic strategy to clipping surgery. Rheological examination before treatment is therefore useful.
Limitations of the present study include the retrospective design and the small number of patients, which limit the statistical power, and these preliminary findings need further validations with large samples. Additionally, this report did not evaluate hemodynamics using a post-treatment model. There are a few recent reports that analyzed hemodynamics with a post-treatment aneurysm model [19] . Cases in which the Pcom was not depicted on angiography and cases in which the aneurysm was 1 mm in diameter were not examined. In fluid dynamics analysis, we made many assumptions regarding pulsatile laminar flow, zero pressure at the blood vessel outlet, and Newtonian fluid behaviors in the Navier-Stokes equation. Boundary conditions were uniform across all cases, and vessel walls were assumed to be rigid, whereas in reality, deformation may occur during the cardiac cycle. The boundary pressure of the Pcom was uniformly set to zero, irrespective of whether the Pcom actually received some flow from the proximal posterior cerebral artery.
Conclusion
Our results suggest that pretreatment hemodynamic factors are associated with the recurrence of Pcom aneurysms. Among these factors, the velocity and flow rate of the Pcom may allow prediction of recanalization following treatment.
